The distribution of fibronectin during wound healing has been studied. Full thickness wounds were made in the skin on the sides of guinea pigs' trunks . Biopsy specimens were taken from the normal s kin, from the 5hr-old wound, and on days 1-18 after wounding. Unfixed frozen sections were analyzed for fibronectin distribution by indirect immunofluorescence analysis with a s pecific antiserum prepared in rabbits against guinea pig plasma fibronectin. Tissue samples were also embedded in methacrylate and sections c ut and stained Mth hematoxylin and eosin for general histology or with a silver stain for reticulin. Fibronectin was prominent in the basement membranes of normal skin epidermis . It "Was also present in the papillary dermis and to a lesser extent in the reticular dermis. After wounding, fibronectin was part of the fibrin clot and distributed along fibrin strands. Fibronectin was also deposited along newly synthesized collagen in the granulation tissue, which "Was at least in part collagen type III based upon staining for reticulin. Eventually, the entire granulation tissue "Was transformed into alfgned collagen fibrils coated with fibronectin. Throughout the period of wound healing, the level of fibronectin associated with what appeared t o be type I collagen in the reticular dermis adjacent to the wound area stayed about the same. When fibrils with the histological characteristics of type I collagen were "Within the granulation tissue, however, they were coated "With fibronectin. The results indicate that fibronectin is a major component present during wound healing.
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Fibronectins are a group of glycoproteins found in plasma (cold insoluble globulin) and secreted by a variety of cell types including fibroblasts, endothelial cells, and hepatocytes [1, 2] .
In vitro, th e fibronectins ha ve been shown to play an importa nt rol e in cell adhesion to biological and m aterial surfaces [1] [2] [3] .
Nevertheless, the biological significance of fibronectin in vivo is unknown.
During clotting of plasm a, fibronectin becom es associated with the clot [4] , covalently crosslin king to fibrin through the action of factor XIII (fibrin stabilizing fa ctor) [5, 6] . Adhesion of fibro blasts to fibrin requires t h e presence of fibron ectin a nd is maximal if the fibronectin is crosslinked to the fibrin [7] . Moreover, fibroblasts do not grow in fibrin clots prepar ed from Factor XIII deficient plasma [8, 9] and patients with F actor Xln deficiencies display impairment of wound healing [10, 11] .
Fibronectin also promotes phagocytosis of particles, not only by macro phages [12, 13] , but also, by fibroblasts [14] . Finally, t he deposition of collagen by fibroblasts can occur concomitantly with that of fibronectin [15] [16] [17] . These observations indicate that fibronectin may have profound effects on wound healing, including formation of t he proper substratum for migration and growth of cells during the development and orga-Man uscript received Ju ly 14, 1980 ; acce pted for publication September 2,1980.
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Various studies carried out in vivo support t he idea t h at fibl'onectin m ay playa role in wound h ealing. Plasma fibronectin levels are decreased in acute infla mmation [18] or following surgical tra uma [19] and in patients with intravascular disseminanted coagulation [20] . Moreover , fibronectin is located predominantly in t he basement membranes of a dult t issues [21 -22] but may be more widely distributed in inflammatory lesions [22] [23] [24] [25] . Since a systematic a nalysis of t h e tissue distribution of fibronectin during wound h ealing had not been carried ou t we studied full t hickness cutaneous wounds t h at were prepared on t he trunks of guinea pigs [26] a nd determined t he a ppearance and distribution of fibronectin during t he initial inflammatory respo nse and during the subsequent development and orga nization of the g.ra nulation tissue. An account of this work form s t he subject matter of t his communication .
MATERIALS AND METHODS

Procedure for Mailing Wounds
Experimental a nima ls were domesti cally bred strain # 13 gu in ea pigs of eit her sex weighing approximately 750 gm. Anesthesia was induced by in trape ri to neal inj ection of sodium pentobarbitol (50 mg/ ml di luted 1:5 with sterile saline), 0.15 ml/ l00 gm body weigh t, fo llowed by intra muscular injection of Innovar-Vet, 0.06 ml/100 gm body weigh t. The skin of t he right side of the a nim a l's trunk was shaved and pain ted with Wescodyne, an iodine based antiseptic. Rectangul ar wounds were made in th e s kin overlay ing t he rib cage of t he r ight t horacic wall. T hey were approximate ly 4 cm X 6 cm in outlin e and to t he depth of t he panniculus carnosus muscle. Full details concerning th e preparation of t hese wounds and t he dressings applied have been presen ted elsewh ere [26] . S uffice it to say that FUl"acin powder was applied to a LI un epithelialized wounds a nd that t he immediate dressing was fin e-mesh ed t ulle gras.
Biopsy of Specimens
Specimens were ta ken at regularly spaced intervals from in tac t skin or wounds of etherized animals. Apart from norma l skin taken at t he time of surgery, specimens approximately 0.75 cm X 0.5 cm were taken down to the level of the muscl e. The wounds were then redressed.
The samples were immediate ly sliced in to I-rom wide strips wit h t he a id of a stainless steel single-erlged razor blade (W eck Prep Blade ) a nd subsequently eithe r fix ed in 4% forma ldehyde in 0.1 M Na cacodylate buffe r (pH 7.4) overnigh t at 4 ° or placed into a ppropriately sized embedding containers (e.g., Beem ca psu les) filled with embedding medium for frozen t issue specimens (O.C.T. Co mpound) a nd immersed in Dry Ice/acetone. Throughout the procedures, care was take n to ma in tain t he specimens in a kn own orienta tion.
Light Mi croscopy
Tissue spec imens were dehydrated through a graded series of etha nol solutions a nd finall y infil trated with JB-4 methacrylate (activated with benzoyl peroxide accord ing to the manufactu rer's instru ctions) in 1: 1 etha nol. After overnigh t incuba tion at 22° t he t issue was fUl"t her infil trated for two 1 Ill' t ime periods wi th fresh, activated JB-4 solution in a Vacuum oven at 28 1b pressure a nd 22°. The infil trated specimens were t hen placed in Beem capsules filled wit h activated JB-4 solu t ion mixed with ca talyst (20:1) a nd a llowed to harden at 22°. Three micro n sections were cut with a glass knife on a Porter-Blum microto me (Sorvall MT-2) . The sections were stained with hematoxylin-eosin [27J or according to Wilder 's method for reticulin fib ers [28] .
Immunofluorescence Microscopy
Frozen specimens were placed in a Tissue T ex II cryostat (Miles Co.) and the 'B ee m capsules were cut away. Five micron sections were cut a nd placed on 22 mm 2 glass coverslips. These were placed in 30-mm F a lcon t issue cult ure dishes for subsequ ent handling. All incuba tions were carried out in 1 ml solut ions at 22°. The sec tions were rinsed for 10 min with phospha te saline (0.15 M N aCI, 0.01 M N a phosphate, pH 7.2) conta ining 1% bovine serum a lbumin (BSA) and th en for 10 min with 1% BSA, 2% goat serum in phospha te sa line. They were then treated for 30 min with phosphate saline containing specific a ntiserum at a 1:400 dilution or normal pre-immune serum a t 1:800 dilution. The sections were th en rinsed 2 X 10 min with 1% BSA in phosphate saline. N ext, the coverslips were incuba ted for 30 min with fluorescein-conjugated goat ant i-rabbit a ntiserum. Finally, the sections were rinsed 2 x 10 min with 1% BSA in phosphate saline a nd t he coverslips were inverted and mounted on glass slides using 0.1 M t ris, 90% glycerol; pH 9.4. The sections were studied wit h a Ze iss Photoscope III equipped wit h epifluorescence.
Prep aration of Specific Antiserum
S pecific antiserum to guinea pig fibronectin was prepared by a m eth od similar to that previously used to prepare specific antiserum to human plasma fibron ectin [29] . Briefly, guinea pig blood was obtained by cardiac puncture and the plasm a allowed to clot at 37°. Plasma fibronect in was purified by affinity chromatography on gelatin-sepharose [30] using 1M Na bromide, 20 mM Na ace tat e, pH 5 to elute th e bound fibron ectin [31] . Anti-guinea pig plasma fibrone ctin anti-serum was produced in rabbits [29] . The ant iserum was incubated for 60 min at 37° in a 1:1 mixture with guinea pig serum from which plasm a fibron ectin h ad been removed by 2 passages t hrough the gelatin-sepharose column. The precipitate that form ed was removed by centrifugation and the resulting antiserum was tested a gainst purified guinea pig plasma fibronectin and against whole serum. One precipitant band was observed both by Ouchterlony analysis and by immunoelectrophoresis.
Materials
Strain 13 guinea pigs were bred domestically. Sodium pentobarbitol was obtained from Abbot Labs. Innovar-vet was obtained from Pittman-Moore Co. Wescodyne was obtained from W est Chemical Co. Furacin was obta ined from Norwich-Eaton Pharmaceuticals. Formaldehyd e (ultrapure TEM grade) was obtained from Tousimis R esearch Corp. Sodium cacodylate was obta ined from Electron Microscopy S ervices. O.C.T . compound was obtained from Lab Tex Products. JB-4 m ethacrylate embedding kit was obtained from Polysciences. Bovine serum albumin (Fraction V) was obtained from Sigma Chern. Co. Goat serum was obtained from GIBCo. Fluorescein conjugated goat a ntirabbit antiserum was obtained from Meloy La bs . Gill-3 hematoxylin (3x ) was obt ained from Lerner L aboratories. Eosin Y was obtained from P olysciences Inc. Other reagent grade chemicals were obtained from S cientific Products (Mallinkrodt).
RESULTS
Sequential Events in Granulation Tissue Formation
An initial study was based on a panel of 7 guinea pigs in order to work out technical details and establish the chronology of granulation tissue formation . Subsequentl.y, observations were made on 4 guinea pigs in rotation from the time of wounding to day 18. Frozen sections were analyzed by phase contrast microscopy aJ;ld by indirect immunofluorescence after "staining" with specific anti-guinea pig plasma fibronectin antiserum to determine the distribution of fibronectin. Sections of fixed embedded material were observed following staining with H & E to characterize general cell morphology or with a silver stain to reveal reticulin fibers. (Experimental details are given in Methods and Materials.)
Stages in the organization of the granulation tissue are shown in Fig 1. It was generally easy to distinguish between the wound area and adjacent normal tissue (Fig lA-C, arrows) . There was an invasion of the fibrin clot by neutrophils and monocytes during t he fust 2 days (Fig lA, lB) . By days 5 and 6, extensive neovascularization was apparent and there were numerous mononuclear cells present (Fig lC, lD) . Foreign body giant cells were also observed (Fig lC, asterish) . Abundant granulation Vol. 76, No.3 tissue with fibroblasts was present by day 9 (Fig IE) . By day 18, extensive synthesis of connective tissue matrix had occurred and the fibroblast population was already beginning to thin out ( Fig IF) .
Distribution of Fibronectin Prior to Wounding
The distribution of fibronectin in intact skin was similar t o that reported by others [21, 32] . The epidermis was negative but fibronectin was prominent at the epidermal-dermal basement membrane (Fig 2A, 2B) . Fibronectin was also associated with some of the collagen fibrils at the papillary level of the dermis (Fig 2A, 2B) and to a lesser extent with collagen in the reticular level of the dermis (Fig 2C, 2D) . Most of the fibrils present wer e judged to be type I collagen based upon their size and staining characteristics. The fibronectin positive cells in the reticular dermis were probably fibroblasts (Fig 2C, 2D) . The baseme n t membranes of the hair follical epithelium and vascular endothelium, like those of the epidermal-dermal junction, were also fibronectin-positive. Fibronectin was also found in the endomysium of the panniculus carnosus muscle (Fig 2E, 2F) .
The specificity of fibronectin staining was assessed in several ways. As described in Methods and Materials, the antiserum was specific for fibronectin as determined by Ouchterlony and by immunoelectrophoretic analyses. Also, there was no fluorescent staining of skin incubated with normal, pre-immune serum (Fig 2G, 2H) or if the specific antiserum had been preincubated with excess purified fibronectin (Fig 21, 2J ).
Initial Appearance of Fibronectin in the Wound
The earliest wound analyzed was 5 hr post-operative. At this time the fibrin clot was relatively acellular. Fibronectin was associated with the clot but there was little change in its distribution in the adjacent reticular dermis (Fig 3A, 3B) . Most of the fibrin strands appeared to be covered with fibronectin ( Fig 3C) . The fibrin clot did not show any fluorescent staining with pre-immune serum (Fig 3D, 3E ) .
Distribution of Fibronectin During the Early Phases of Granulation Tissue Development
During the fust few days post-operatively, an association of fibronectin with fibrin continued to be observed (Fig 4A, 4B ). There were also regions of very dense fibronectin deposition sometimes associated with thick fibrillar structures of unknown identity (Fig 4C, 4D) . The presence of fibronectin was also apparent on the surfaces of the mononuclear cells (Fig 4E, 4F) . Based upon the time of their appearance and observations made on H & E stained preparations, it is likely that these were macrophages. Despite the abundance offibronectin in the forming granulation tissue, the adjacent regions of intact reticular dermis contained little of this material. When laJ:ge fibrils were present within the granulation tissue, however, they often appeared to be covered with fibronectin (Fig 4G, 4H) . Similar fibrils could be identified as collagen in H&E preparations and were not stained with the reticulin stain. Therefore, it is likely that they are residual type I collagen fibrils.
Distribution of Fibronectin in Mature Granulation Tissue
Most of the collagen fibrils present in well-organized granulation tissue were covered with fibronectin ( Fig 5C, 5D) . They were smaller than the collagen fibrils in nonwounded aJ'eas and stained with a reticulin stain (Fig 5E, 5F) . These findings suggest that they are probably composed of type III collagen, which is the predominant form of collagen synthesized early in the regeneration of connective tissue matrix [33] .
The day 9 specimens included some regions where epidermis had migrated over the granulation tissue. This epidermis was 'still fibronectin-negative, but in this case the discrete organization of fibronectin in the basement membrane was obscW'ed by the presence of large amounts of fibronectin throughout t h e granulation tissue (Fig 5A, 5B; compared to Fig 2A, 2B) . Fibron ectin was still present on t he newly formed collagen fibrils observed at day 14 (Fig 6A, 6B) a nd day 18 (Fig 6C, 6D) . At d ay 14, cells with high surface fibronectin densities were sometimes observed in th e granulation tissue (Fig 6A , B; so Lid arrows). They were generally associated with nearby capillaries (open arrow) a nd often within t he vessels. Based upon t he nuclear configuration of the cells observed in t he frozen sections by p h ase cont rast microscopy and in th e a djacent H & E stained sections, t hese cells were neutrop hils.
T hroughout the observation period, samples were a nalyzed for fluorescen t staining with the normal, preimmune serum as well as th e specific antiserum. Little flu orescent staining was observed with the form er. In t he well-organi zed gra nulation tissue, however, t he newly form ed collagen fibrils appeared to be faintly a utoflu orescent (Fig 6E, 6F) .
DISCUSSION
The distribu tion offibronectin dUJ'ing h ealing of full t hickness wounds has been studied to obtain further information abo ut the possible role of this protein in the h ealing process. The findings sh ow t hat fibronectin is part of th e fibrin clot a nd subsequently t his material is associated with newly deposited collagen fibrils.
The association offibronectin with the fibrin clot is consistent with previous in vitro studies indicating t hat this material can bind to fibrin [4] [5] [6] . Most likely, the source of t h e fibron ectin in t he clot is th e plasma a nd this may accoun t for the decrease in plasma fibronectin levels that occurs transiently in ac ute infl ammation or following surgical trauma a nd in disseminated intravascular coagulation [18] [19] [20] . It seems likely t hat t h e fibrin molecules are coated wit h fibronectin and th erefore t h at fibronectin forms t h e substr atum for subsequent cell migration . T his is consistent with t he req uirement for fibronectin in fibroblast a dhesion to fibrin in vitro [7] . The presence of fibron ectin in t he clot may also provide one of t he stimuli for cell migration into t he clot. This could occur by preferential a dhesion if cellfibronectin interactions were stronger t han cell interactions wit h ' t he surrounding matrix. Fibronectin might also promote increased migration of cells since fibroblast migration has been sh own to be increased by fibron ectin in vitro [34, 35] . S ignificantly, fibronectin has been proposed to be part of t h e migrato ry matrix for neural crest and other embryonic cells [36, 37] .
Fibronectin was also observed to be closely associated wi t h the newly deposited collagen fibrils. Based upon th e siz(; and histological staining characteristics of t he fibr ils, it is likely th at at least in par t they are composed of type III collagen (reticulin) po in ts to endomysium: S pec ific antiserum was used in A-F. Normal, preimmune serum was used in G and H . In I and J, t he specific a nt iseru m was p retreated wit h purified guinea pig plasma fibr onec tin (0.65 mg/ ml) in a 1:2 dilution for 1 hour at 37° a nd t he mixture was then microfuged (Beckm a n Inst.) for 1 min. This absorbed specific antise rum was used in the immunofluoresce nce protocol at a dilution of 1:133. A, C, E , G, I are sh own by !1uorescence and B , D, F, H, J are shown by phase contrast. Other details a re in Methods a nd Materia ls. (x850) . [38] . The a ppearance of type III collagen in t h e initial phases of wound healing is well establish ed [33] . Also, the possible relationship between fibronectin distribution and reticulin fibers has been pointed out previously in studies on normal a dult as well as embryonic skin [21, 22] . In t his regard it is important to note t hat in vitro studies with native collage ns have demonstrated t hat fibron ectin binds better to type III collage n t han to a ny of the oth er types [39, 40] . The source of t h e fibronectin associated with newly synthesized collage n in granula tion tissue is unknown. One possibility is t hat fibronectin is part of the newly synthesized matrix. Fibroblasts in culture have been shown to secrete a combined collagen/fibronectin m atrix in some studies [15] [16] [17] . On the other h and, plasma fibronectin may deposit on t he new collage n fibrils after they are form ed. It is interesting that adj acent to the wound areas fibronectin was no t associated with fibrils t hat ha d the histological appearance of type I collage n to any greater extent than was observed in the re ticular dermis prior to wounding. In fact, the amount of fibronectin in normal papillary and reticular dermis is remarkably little relative to the amount observed in the granulation tissue. Also, in vitro studies on th e adhesion of fibroblasts to native c<;>llagen gels, which maintain a three dimensional in vivo-like matrix [41] , have demonstrated that fibronectin is not required for this fibroblast-collage n interaction [42, 43] . Therefore, the role of fibronectin in fibroblast adhesion to collage n in normal dermis is unresolved .
Finally, it is wort hwhile mentioning that the one time when fibronectin was observed to interact strongly with fibrils that had the histologica l characteristics of type I collagen was whe n these fibrils were trapped within the organizing gra nulation t issue. Since collagenase, which is prominent in wounds, causes denaturation of collage n [33] a nd plasma fibron ectin binds. strongl y to all forms of denatured collagen [39, 40] , it is not Finally, it is worthwhile mentioning that t he one t ime when fibron ectin was observed to interact strongly wi th fibrils that had the histological characteristics of' type I collage n was when these fibrils were trapped within the orgal1lzmg granulation tissue. Since collagenase, which is prominent in wounds, causes denaturation of collagen [33] and plasma fibronectin binds strongly to all forms of denatured coHagen [39, 40] , it is not surprising that fibrone ctin bound to these fibrils. Although fibroblasts are not generally considered to be highly phagocytic cells, they readily phagocytose fibronectin-coated particles [14] . In addition, fibron ectin may promote the phagocytosis of denatured coHagen by macrophages [12, 13, 44] . Therefore , the binding of fibron ectin to dena t ured collagen fragments may be importa nt in removal of the collagen during r emodeling of wound granula tion tissue.
